A vibration suppression control problem by using on-off valves for a pneumatic isolation table is considered. In this system, positioning control is difficult because the system possesses a non-linear quantizer essentially. As a result, positioning error is remained in general. To overcome this problem, we have proposed a method considering the common multiple constraint, which is the appropriate relationship between the number of inhalation times and the number of exhalation times. By using this method, high convergence performance can be obtained without any offset. However, only vibration in the vertical direction is considered. Thus, we propose a method of suppressing the vibration of the two-axis direction by generalizing the previous method. The effectiveness of the control method is verified by numerical simulation.
Introduction
In the precise measurement and manufacturing territory, it is known that vibrations arising from the floor make a significant impact on measurement results and products that are effected from it. To this end, equipment for the purpose of isolating the floor vibration called "isolation table" is usually used. In particular, pneumatic isolation tables are widespread because the isolation performance is high. A pneumatic isolation table is supported by air springs. By allocating air springs between the table and the floor, vibration energy from the floor is difficult to be transmitted to the table. In short, the air springs provide high vibration isolation performance. However, once vibration is generated on the table for some reason, vibration energy cannot be released to the floor. As a result, vibrations are sustained. In particular, the XY stage is mounted for moving the workpiece in the measurement device. From reactions to moving the stage, vibration is actually generated on the table. In this paper, we focus on the problem of suppressing the vibration that occurs on the table.
Previously, vibration suppression methods have been investigated, in which high vibration suppression performance can be obtained by actively changing the internal pressure in the air spring [1, 2, 3] . In these methods, pneumatic devices called "servo valves" are used, which can precisely control the flow into air springs. However, there is a problem such that servo valves are very expensive. On the other hand, replacing the servo valve with a more inexpensive "on-off valve", also called "electromagnetic valve" or "solenoid valve", methods have been studied by researchers for the purpose of obtaining the same performance as the servo valve. In this case, the whole system is equivalent to the system that quantizer has been inherent in the front of the linear input. Therefore, we must handle finite discrete values as the control input. This in turn makes the system extremely difficult to control.
In contrast , there have been some methods, which can obtain high suppression performance for the system with quantizer [4, 5, 6, 7] . However, even if we use these techniques, the problem remains where the table has a slight offset to the origin. In other words, the accumulated amount of inhaled air into the air springs is not the accumulated amount of exhaled air from the air springs. The main cause being that an inherent quantizer is a non-linear quantizer. In the case using non-linear quantizer, since the minimum resolution for the amount of inhaled air is different from the minimum resolution for the amount of exhaled air, it is difficult to return the original state for the amount of air in the air springs. To cope with this problem, our group has proposed a method, which makes it possible to eliminate the offset by strictly imposing appropriate constraint, also called "common multiple constraint", with respect to the number of inhalation times and the number of exhalation times [8] . In the literature [8] , only vibration in the vertical direction is considered. On the other hand, to apply to the actual system, vibrations of the roll rotation direction and Thus, we propose a method, which can suppress the vibration in the two-axis direction, namely, the vertical direction and the roll rotation direction, by using the control inputs satisfying the common multiple constraint based on the literature [8] .
Specifically, in order to control the two-axis directions, it is necessary to treat at least two control inputs, namely, the input into the right side air springs and the input into the left side air springs. In this method, we need to set a time horizon in advance. Then, by solving the optimization problem under the common multiple constraint, we obtain the temporal sequences for the control inputs. After that, resultant control inputs are injected into the plant as feedforward control. By using this method, high vibration suppression performance can be obtained without offset in the multi-axis direction.
Pneumatic isolation table with multiinputs

Experimental setup
A perspective view and an exploded view for a pneumatic vibration isolation (Hertz Corp. DT-4048M) are shown in Fig. 1 and Fig. 2 .
Plant model
By limiting to movement in the vertical direction and the roll rotation direction, we derive a plant model. The literature [9] says that we can describe the equation of motion for the plant as follows:
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Definitions and values of plant parameter are listed in Table 1. We define the state variable
T and the control input
By using above notations, a linear approximation system can be described as follows:
where Distance from center to r. spring l2
R. contact area of air spring S2 
By switching the combination of open solenoid valves on the basis of Table 2 and Table 3 , the flows into the air springs, which are the control inputs u 1 and u 2 , become discrete values.
We note that H + = 5.14 × 10
In this case, a whole system is equivalent to the system that quantizer ϕ i : R → R has been inherent at before input port for the system Σ c in Eq. (7). ϕ i : R → R can be described as follows:
where σ i , i ∈ {1, 2} are continuous-valued signals and u i , i ∈ {1, 2} are discrete-valued signals. After that, the whole system can be described as follows:
where
T . Note that quantizer ϕ i is a non-linear quantizer whose output can vary three values, namely,
By discretizing A c , B c ,b c in (9) with a sampling period of 20 ms, and assuming the zero order hold, we have a discrete time system for the model as follows:
where k ∈ {0} ∪ Z + is the step number and Z + stands for the set of positive integers.
Verification of validity for the model
The parameters of the above model, M, l 1 , l 2 , S 1 and S 2 were determined by direct measurement. The parameters 1 and h 2 are difficult to measure. These were determined by tuning so that the response by the following basic experiment is closed to the response of the model. For tuning, a nonlinear optimization method such as PSO was used.
We compare the numerical simulation response using the model Eq. (10) with the experimental response using actual equipment. Vertical displacement of the left/right air springs, z 1 and z 2 , and an inner pressure in the air springs p a1 are verified under impulse disturbance response. The impulse disturbance corresponds to a disturbance generated by dropping a rubber baseball from a height of 30 cm above the left side of the isolation table. We can obtain the following results as shown in Fig. 3 . As seen from displacement, the model possesses high reproducibility for the displacement signal. On the other hand, the error is generated in the amplitude value of the pressure p a1 . Building a model with higher accuracy is a future work. In the paper, as a first step, verification of the following proposed method is verified using this model.
Proposed algorithm
In the following, we consider a regulation problem for impulse disturbance.
We define the terms "the minimum amount of inhalation air" and "the minimum amount of exhalation air" to represent the amount of air that can be inhaled and exhaled in one step, respectively. Characters G + ∈ Z + and G − ∈ Z + stand for these terms. First of all, we define the common multiple constraint with respect to the number of inhalation times N in and the number of exhalation times N out .
Definition 1
If the number of inhalation times and exhalation times, N in and N out , meet following equations,
then, we call that "the common multiple constraint satisfies with respect to N in and N out ", where q ∈ Z + represents the lowest common multiple with respect to G + and G − .
By injecting the control input which satisfies the common multiple constraint, the amount of inhaled air into the air springs can be exactly equal to the amount of exhaled air from the air springs in the time interval T . As a result, we can return the displacement and the roll angle of the table to the exact original points.
Assumption 1 For simplicity, we suppose the follows.
• The all of the state variable x[k] are measurable.
• We know a timing at which disturbance is added.
• We can calculate following optimal future control input profiles in one sampling step. In other words, we can solve following optimization problem in one sampling step.
Remark 2
Since disturbance is unknown in general, it is necessary to construct an algorithm to recognize it. For example, based on the norm of the state variable, a method of estimating the timing at which disturbance is added can be considered. Furthermore, it is difficult to solve the following optimization problem in one sampling step. In order to apply the proposed method to practical system, it is necessary to develop a method to reduce calculation load such as a model reduction.
At the time step k = 0, which corresponds to an instance of time immediately after adding impulse disturbance, by using a following procedure, we calculate the future control input profiles Figure 4 . Example for the control input {1, 2}, whose step size is T . At each time step, resultant corresponding control input is injected into the plant as the feedforward control. The procedure for providing the future control input profiles is described as the following.
Step 0 We focus on the system in Eq. (10) neglecting the quantizer ϕ. A feedback gain F is designed in advance. Concretely speaking, by solving the optimum regulator problem such that A − BF is a stable matrix using weighting matrices Q and R, gain F is derived. In addition, The time interval T is designed in advance.
Step 1 The state variable x[0]
is observed immediately after adding impulse disturbance.
Step 2 By using Eq. Step 4 We search the optimal integers, n * i , i ∈ {1, 2}, described as:
Step 5 To meet the common multiple constraint, the number of required additional inhalation/exhalation times,
, are calculated by using the following:
(13)
Step 6 We set initial values of S in,1 , S out,1 , S in,2 and S out,2 to S 0 in,1 , S 0 out,1 , S 0 in,2 and S 0 out,2 , which are obtained in Step 2. By using the following Algorithm, we make a slight modification to S in,1 , S out,1 , S in,2 and S out,2 . We use the model to solve the optimization problem in Algorithm.
Step 7 According to the resultant optimal future control input profiles, which corresponds S in,1 , S out,1 , S in,2 and S out,2 , the control input is injected into the plant as feedforward control.
Remark 3 In
Step 1, to estimate x[0], we need to get a displacement signal and a pressure signal form each sensor. Once we estimate x[0], in time interval T , we do not need to obtain real-time signals such as displacement. In other words, we carry out feedforward control during that time T .
Next, we define an evaluation function used in the proposed Algorithm. We define an evaluation function described as:
where the matrix Q is defined in Step 0.
The smaller the evaluation function is, the higher the convergence performance is. The proposed algorithm is introduced by using a notation N[n] := {0, 1, . . . , n − 1}.
[Algorithm] In from line 1 to 12 ,in the following, these lines are written as L 1 , we modify the index set of inhalation timing for the left air springs. In the same manner, from line 14 to 24, which are L 2 , correspond to exhalation timing for the left air springs. From line 26 to 36, which are L 3 , and from line 38 to 48, which are L 4 , correspond to inhalation/exhalation timing for the right air springs. In Algorithm, the sequence
However, it is no need to stick to the sequence. By using the other sequence
, it is also possible to generate the control input which satisfies the common multiple constraint. If we change the sequence of modification, a solution is changed. Thus, the sequence of modification is important. We must investigate how to choose a sequence as one of the future works. Furthermore, since it takes much time to search, it is necessary to consider the model reduction.
Please refer to the previous version [8] for a supplementary explanation of Algorithm. In the previous paper, we show a concrete example which corresponds to L 1 and L 2 . 
Numerical simulation
An efficiency of the proposed algorithm is investigated by using numerical simulations under the Assumption in Section 3. We focus on the displacement and the roll angle, and verify the influence of an impulse disturbance. The impulse disturbance corresponds to a disturbance generated by dropping a rubber baseball from a height of 30 cm above the left side of the isolation table. We add disturbance to the system at 1 s. We show two cases. One is the case where we apply Algorithm with the sequence
, which is called case 1. The other is the case where we use Algorithm with the sequence
which is called case 2. In the Step 0 for generating the control input, F is derived by using the weighting matrices Q and R, which are
and R = diag(1 × 10 −9 , 1 × 10 −9 ).
As a result, we obtain Eq. (15). Furthermore, we set the time interval T to T = 18.
We focus on the case 1. Fig. 5 show time responses for the displacement in the vertical direction and the roll angle. In the figure, the dashed-dotted line indicates the case without any control, and the thin solid line represents the case using the conventional method. Note that in the conventional method, we use Eq. (10) In contrast, the thick solid line stands for the case using the proposed method, which corresponds to case 1. It can be seen that both the proposed method and the conventional method have the same ability to suppress the vibration. On the other hand, there is a big difference with respect to the amount of offset after enough time has passed. In the case using the conventional method, there are offsets by 40 µm and 0.6×10 −3 rad at 4 s. It means that the accumulated amount of inhaled air into the air springs is not equal to the accumulated amount of exhaled air from the air springs. On the other hand, in the case using the proposed method, there are offsets by 2 µm and 0.001×10 −3 rad at 4 s. The result shows that the proposed method is useful. Just for reference, the control inputs generated by using the conventional method and the proposed method are shown in Fig. 6 and Fig. 7 , respectively. The control input, using the conventional method does not satisfy the common multiple constraint, but rather using the proposed method that is met. The common multiple constraint can provide no offset situations. This shows that the proposed method can strictly remove the offset of two variables while maintaining the damping performance.
Next, we compare the case 1 with the case 2. Fig. 8 show the result corresponding to the case 2. For the case 1, convergence performance of angle θ is high. In contrast, for the case 2, convergence performance of displacement z is high. It shows that the sequence of Algorithm has a big influence on results. 
Conclusion
We focus on multi-axis positioning control. On the basis of literature [8] , we propose the generating method for the control input satisfying the common multiple constraint with respect to the number of inhalation/exhalation times. The proposed method is able to strictly ensure the convergence to the origin, while maintaining high convergence performance. A verification by using an actual experiment is in future works.
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